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In pellet production, the parameters, such as densification pressure, temperature,
feed moisture content, and coal and biomass concentration, that affected pelletizing and
pellet quality were investigated.
Gasification was carried out in a downdraft gasifier by using red oak hard wood
as the feedstock. The raw syngas primarily contained carbon monoxide (CO), hydrogen
(H2), carbon dioxide (CO2), methane (CH4), and nitrogen (N2) as well as contaminants
such as ash, water vapor, ammonia, and oxygen. Ash was removed with the filter bag.
Water vapor was removed by desiccant absorption. Ammonia was removed by water
scrubbing. Oxygen was removed by a CuO/CeO2-Al2O3 catalyst in a fixed-bed tubular
reactor from 1% to less than 1ppm.
After cleaning, the syngas was compressed up to 2000 psig pressure. The clean
syngas was readily used for the Fischer-Tropsch catalytic reaction.
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CHAPTER I
INTRODUCTION

1.1

Biofuel contribution
Due to the energy crisis, the sharply rising price of fossil fuel gave biofuel a can’t-

miss opportunity. Biofuel, derived from biomass, is considered an optional renewable
energy to solve the fossil fuel limitation problem. In 2010, the total renewable energy
contributed to 8% of the America energy supply, which was nearly 8.5 quadrillion Btu
(EIA, 2011). From Figure 1.1, biofuel energy will contribute to 2% of total America
energy supply in prospect (EIA, 2011).
The stored energy in biomass can be recovered by various conversion processes
such as fermentation, combustion, and gasification followed by metal-catalytic syngas
reactions. Syngas can be converted from numerous types of biomass by gasification
processes. The gasification of biomass, syngas cleaning, and synthesized Fischer-Tropsch
diesel is a promising route to renewable energy (W. Liu & Flytzanistephanopoulos,
1995).

1

Figure 1.1

Renewable energy total consumption and major sources, 1949-2010 (EIA,
2011)

Syngas, produced by biomass gasification, can be catalytic converted into
synthetic fuel such as methanol, ethanol, and biofuel via the metal-catalytic process by
utilizing high percentage of CO and H2 in syngas (Zhang, 2010). According to 2010
worldwide gasification database, the gasification capacity has grown to 70817 megawatts
thermal (MWth) of syngas output. In Figure 1.2, the planned capacity between 2011 and
2016 is 51288 MWth. If this growth is realized, worldwide syngas capacity output by
2016 will be 122106 MWth (NETL, 2010).
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Figure 1.2

1.2

Worldwide gasification capacity and planned growth (NETL, 2010)

Feedstock of gasification
Gasification technology is conversion of almost all types of solid carbonaceous

materials to syngas. The gasification feedstocks could be divided into two categories by
the heating value: high heating valued feedstock such as coal, and low heating valued
feedstock such as biomass (Higman & Van der Burgt, 2008). Agricultural waste is a
potential source of biomass feedstock. The gasification of agricultural waste was the
process to turn low value wastes into high value fuels. The oil crisis in the 1970’s

3

inspired coal gasification. Since the 1990’s, concerns about global warming has shifted
the focus to biomass gasification.
1.2.1

Coal
Coal is the predominant gasification feedstock, which makes up 51% of all

gasification materials (NETL, 2010) .The coal consumption is mostly high quality lump
coal. Recently, low quality fine coal has been investigated. More than two billion tons of
discarded fine coal has been impounded in America (Harrison, Akers, & Center, 1997).
An additional 30-50 million tons of fine coal was generated each year (Zamansky, Maly,
& Klosky, 1998). During mining, the coal is subject to disintegration. Fine coal particle
size is typically less than 1/16 in. This disintegrated coal could be between 5-50 % of the
total mining coal. The price of disintegrated coal was lower than lump coal. The
downdraft gasifier cannot utilize fine coal directly because fine coal falls through grates.
If the disintegrated coal could form uniform shape pellets, coal as a form of pellets may
be suitable for gasification.
1.2.2

Biomass
Biomass is renewable organic matter, mainly from forestry and agricultural

residues and municipal solid waste. According to America environmental protection
agency, Americans generated 250 million tons of municipal solid waste in 2010. From
Figure 1.3 , organic materials making up more than 2/3 of the solid waste, which
comprised of wood waste, paper and paperboard products (EPA, 2010b). In 250 million
tons of municipal solid waste, 6.4% was in the form of wood waste, which means that16
million tons of wood waste was available per year. According to Professor David in
4

Auburn University, the biofuel conversion rate is 70 gallons per ton (Herrero, 2012),
which represents1.12 billion gallons from wood waste every year.

Figure 1.3

1.3

Total municipal solid waste in 2010 (EPA, 2010a)

Feedstock pretreatment for gasification
Although huge amounts of biomass can be utilized, the biomass such as wood and

grass could not be utilized in its original form due to irregular shape and size, low bulk
density, and high moisture content. To meet gasification requirements, feedstocks need
pre-processing such as drying, size reduction, and densification for gasifier design. For
5

example, switchgrass is a native perennial warm-season grass indigenous to Central and
North America (Rinehart, 2006). The plant can reach heights of 10 feet or more with high
cellulosic content (Rinehart, 2006),which makes it a dedicated energy crop for producing
biofuel. However, switchgrass transportation and gasification are problematic due to low
bulk density. One solution is densification of low density biomass materials achieved by
forcing the particles together by applying a mechanical force. The densified biomass with
well-defined shapes and sizes is easily adopted in gasification.
1.4

Biomass gasification
Biomass gasification has many advantages. It could replace a portion of fossil fuel

consumption, increase farm income, and reduce the greenhouse gas emissions. In
America, biomass gasification industries increase substantially with DOE funds.
According to the U.S. Energy Department’s Biomass Program, more than 20
commercial-scale integrated gasification biorefinery projects are under construction. For
instance, Enerkem and Bulefire Renewables are two companies built in Mississippi.
Enerkem planes to use municipal solid waste and forest residuals to produce 10 million
gallons of ethanol per year in Pontotoc, MS (DOE, 2012). Bulefire Renewables planes to
produce 18 million gallons per year of ethanol from wood wastes, in Fulton, MS (DOE,
2012).

6

Figure 1.4

1.5

Integrated biorefinery platform in USA (DOE, 2012)

Syngas cleaning
The gasification technology is commercially available. However, current syngas

cleaning methods constrict improving the quality of syngas. The raw syngas generated
from the gasifier cannot be used directly until removing impurities, because the metal
catalysts are very sensitive to trace amounts of impurities. To accomplish syngas
cleaning, a gas clean-up system was designed including filters, scrubbers, and catalytic
oxygen removal (Yung, Jablonski, & Magrini-Bair, 2009). Various syngas cleaning
technologies are compatible with the intended use based on economic considerations.
Compared with coal, biomass has less sulfur and ash, from which cleaner syngas can be
produced. However, biomass-derived syngas should still need removal of four primary
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trace contaminants, including fly ash, ammonia, water vapor, and oxygen, prior to its
conversion to gasoline.
1.6

Objectives
The ultimate goal of this project was to produce cleanup syngas for intended use.

The specific objects are as follows: 1) Methods for pretreating feedstock for gasification
were investigated, 2) The gasification parameters w studied on syngas composition, and
3) The raw syngas was purified in a cleaning system with a special focus on oxygen
removal from syngas.
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CHAPTER II
PELLET OF FINE COAL AND BIO-COAL

2.1

Introduction
Pelletizing increases the bulk density of fine coal and also facilitates its

transportation and storage. During pelletizing, various parameters such as compressive
force, particle sizes, and moisture content on quality of biomass pellets were investigated
(Mani, Tabil, & Sokhansanj, 2006). The effects of die temperature and moisture content
on biomass pellets were studied (Tumuluru et al., 2010) .The results showed that
processing parameters affected the bulk density and compressive resistance. The
objective of this study was to investigate the effects of parameters on the bulk density,
compressive resistance, and pyrolysis process from fine coal and biomass.
2.2
2.2.1

Material and method
Sample preparation
Size reduction is crucial to the pellet making. Finer substrates yields higher

density (Lam et al., 2008) and durability pellets. The recommended particle size of
feedstock is 0.5 to 0.7 mm (Franke & Rey, 2006). When the particle size was greater than
1.0 mm, the pelletizing was not smooth and the pellet had breaking points due to cracks
and fractures (Franke & Rey, 2006).Finer particles made durable pellet, but size
reduction increased the cost. Therefore, the particle size of fine coal among 1mm was
9

considered economical. The coal passed through a 1 mm sieve to remove large particles.
The biomass was pulverized in a fiber pulverizer to pass through a 1mm sieve.
2.2.1.1

Binders
The purpose of a binder is to increase strength to the pellet (Dutta & Ghosh,

1994). As listed in Table 2.1, a wide variety of binders, including inorganic and organic
binders, has been considered for pelletizing. Organic binders include wood products,
sugar factory residues, starch, natural asphalts, and petroleum products (ST LOUIS,
1911). Inorganic binders include clay and lime. Selection of binders mainly depends on
cost and gasifier requirement (ST LOUIS, 1911).
Table 2.1

Category of binders (ST LOUIS, 1911)
Clay

Lime

Cement

Water glass

Wood products

Rosin

Pitch

Sugar factory residues

Beet pulp

Molasses

Starch

Corn starch

Potato starch

Natural asphalts

Impsonite

Gilsonite

Petroleum products

Crude oil

Wax tailings

Magnesia

Inorganic

Organic

Wood pulp

Maltha

Two different clays are under consideration due to their effective binding
properties (Table 2.2). Also, clay and starch are most commercially available. In the
present study, 10wt% clay was added to make coal pellet. The bulk clay was crushed to
1mm in a fiber pulverizer. Inorganic clay did not volatilize to help maintain the pellet
10

shape and enable slower and more complete combustion. Clay did not generate smoke
but significant amount of ash during coal pellet combustion. As a result, ash reduced the
calorific value of coal pellet. Starch is made of amylose and amylopectin. 3% starch was
added to make coal pellet. Starch did not volatilize during combustion, generating no
smoke and less ash content.
Table 2.2

Characteristics of clay and starch

Binders
Type
Composition

Clay
Inorganic
Aluminium phyllosilicates

Volatilize
Ash

2.2.2

No
Increase

Starch
Organic
Amylose and
Amylopectin
No
Decrease

Pellet production apparatus
In Figure 2.1, a piston cylinder densification apparatus was used to make pellet.

The inner diameter and length of the brass cylinder were 0.5 in and 8.5 in, respectively.
The diameter and length of the steel piston were 0.495 in and 5 in, respectively. Before
densification, the heating tapes rolling the outside of the die heated feedstock along with
the die to a desired temperature. The maximum pressure was 160 psig.
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Figure 2.1

Piston cylinder pellet densification apparatus

During the densification, the die was heated by a heating band. Coal pallets were
extruded through a heated die. Heat softened feedstock to promote plastic deformation
(Kaliyan, 2008). Increasing pelletizing temperature improved the pellet strength (Nielsen
et al., 2009) .However, the preheating temperature was limited to 100°C to avoid vapor
emission(Arshadi et al., 2008).The pellets were more stable at heating temperature of 80100°C than room temperature(Smith et al., 1977). Therefore, the temperature of 80°C
was selected for the experiment.
The compressive force applied to fine coal in a confined volume was called
pressure densification. The higher compressive force made pellets denser and more
durable. Data from high pressure densification of wood residue showed that the rising
pressure increased the compressive resistance, abrasive resistance, and impact resistance
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(Li & Liu, 2000). From our studies conducted at compression pressures of 50-150 psig,
compression pressure of 100 psig was required to produce durable pellets.
2.2.3

Pelletizing procedure

Figure 2.2

Schematic of pellet production

Fine coal contained a large amount of moisture .The moist fine coal tended to
clump and agglomerate. Moisture should be removed in order to screen and pulverize
feedstock. The feedstock including fine coal, biomass, and binder were sieved less than
1mm. By blending various biomass concentrations with the fine coal, bio-coal pellets
were produced. Three biomass concentrations (i.e., 0wt%, 10wt%, 20wt %) were tested,
of which 20wt% biomass was the maximum concentration to form bio-coal. Coal,

13

binders, and biomass were thoroughly mixed. Re-introduced feed moisture in the mixture
helped pellets cohere initially.
According to the conducted experiment, the optimal feed moisture content was in
the range of 10–20wt%. Water increased the contact area of the particles. The increasing
contact area promoted bonding via van der Waals' forces (Mani, Tabil, & Sokhansanj,
2003). Feed moisture content is important for pellet making because water performs
binding and lubricating functions (Grover & Asia, 1996). When the feed moisture content
was above 20wt%, high feed moisture content reduced the intermolecular forces and
caused a biphasic mixture (Zafari & Hosein Kianmehr, 2012).When the feed moisture
content was below10wt%, the pellets easily blocked the die.
The compression pressure was 100 psig. Preheating temperature was at 80°C.The
fresh pellets were at the temperature of 50°C- 80°C and moisture contents of 10-20wt%.
To get high quality pellets, the excess heat and moisture should be removed. After four
days, the moisture stayed stable.

14

Table 2.3

Formulation of various pellets samples
Sample

Coal (wt %)

1

Starch (wt %)

97

3

Coal (wt %)
2

Clay (wt %)

90

10

Coal (wt %)

Wood (wt %)

3

80

10

10

4

70

20

10

Coal (wt %)

2.3
2.3.1

Clay (wt %)

Grass (wt %)

Clay (wt %)

5

80

10

10

6

70

20

10

Results and discussion
Density, moisture content, and ash content determination of feedstocks
The density of ground samples was measured based on ASAE Standard S 269.4

(ASAE Standard, 2003c). The sample was placed on a cylindrical container and
weighted. Bulk density measurements were repeated three times and took the average
value. The density of fine coal was 0.75 g/cm3.The density of biomass was lower than
fine coal, and approximately 0.2 g/cm3.
The moisture content of ground samples was determined based on ASAE
Standard S 269.4 (ASAE Standard, 2003c). Samples were oven-dried for 24 hr at 110 ºC.
From Table 2.4, the moisture content of biomass was around 10wt%, while fine coal
15

contained around 2wt%. The biomass was porous to absorb more moisture content. The
ash represented the inorganic minerals from feedstock.
The ash represented the inorganic minerals from feedstock.
Method ASTM D 3174 determined the inorganic residue remaining as ash after
burning coal (ASTM D3174, 2002). One gram of dry coal (sized below 250 micron) was
heated following heating routine: raise the furnace temperature to 500°C within 60 min;
maintain furnace temperature at 500°C for 120 min; continue to raise the furnace
temperature to 750°C within 30 min; maintain furnace temperature at 750°C for 120 min.
Then, the sample was removed from the furnace, cooled to ambient temperature under
conditions to minimize moisture pickup, and weighed ash residue.
Standard method ASTM D-1102 was standard for the determination of ash
content of wood (ASTM D1102, 2001). Two grams of dry wood (sized below 475
microns) was placed in a furnace. Heat the sample in the furnace according to the
following heating routine avoided flaming: raise the furnace temperature to 250 °C
within 50 min; maintain furnace temperature at 250 °C for 60 min; continue to raise the
furnace temperature to550°C within 60min; maintain furnace temperature at 550°C for
120 min. Then, the sample was removed from the furnace, cooled to ambient
temperature, and weighed ash residue.
In Table 2.4, the ash content of biomass was lower than coal. The ash content in
wood and grass was 1.6wt% and 3.8wt%, respectively. The fine coal contained about
8.5wt% ash content. The inorganic binder clay had huge amount of ash at around 70wt%
ash content, while the organic binder only had 2.3wt% ash content.

16

Table 2.4

Proximate analyses of feedstocks
Coal fine

Wood dust Grass

Density(g/cm3)

0.75

0.22

0.15

Moisture (wt %)

1.5

9.5

Ash content (wt %)

8.5

1.6

2.3.2

Clay

Starch

10.3

15.8

10.1

3.8

66.3

2.3

Pellet density and moisture content
The densified pellets were in cylindrical shape with diameter of 0.5 in and length

of 0.5-2 in. The pellet density was determined by direct measurement method (ASAE
Standard, 2003c). The length of each pellet was measured by a caliper. The edges of the
pellets were cut smoothed. The mass was measured by an electronic balance. Pellet
density was calculated by dividing mass of pellets by their total volume calculated from
length and diameter. Pellet density was the average value of two times. From Table 2.5,
the density of sample 1and 2 were 1.05 and 1.02 g/cm3, respectively. The density of
sample 1 and 2 was as high as lignite lump coal approximately 1.2 g/cm3 (Pohl, 2011).
The density of bio-coal pellet decreased to 0.2 g/cm3.
The moisture content of pellet was determined based on ASAE Standard S 269.4
(ASAE Standard, 2003c). Pellet samples were stored four days at room temperature.
Samples were oven-dried for 24 hr at 110 ºC. The moisture content of all samples was
about 4wt%.
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Table 2.5

2.3.3

Density and moisture content of pellet

Sample

Density(g/cm3)

Moisture (wt %)

1

1.02

4.8

2

1.05

4.6

3

0.21

3.8

4

0.18

4.7

5

0.20

3.7

6

0.18

4.0

Compressive resistance testing
Testing compressive resistance simulated the compressive stress such as weight

on pellets during storage. Compressive tests were performed according to ASTMC3996.Compressive resistance is the maximum load on a pellet withstanding before cracking
or breaking (ASTMC39-96, 1996). This test method covers determination of compressive
strength of cylindrical concrete samples.
The compressive resistance test was carried out one month after the samples were
made. All samples were placed in the chamber in order to keep moisture content at 4wt%.
The compressive tests were carried immediately after taking samples out of the chamber.
The diameter of samples was all 0.5 in, which limited the difference less than 2%. The
length of samples was cut to approximately 1 in. The top and bottom surfaces of pellets
were parallel to each other. A single pellet was placed between two flat, parallel platens
of the machine and the axes of samples were aligned with the center of thrust. Bearing
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surface and the drop fine parts were removed. For a screw type test machine, this method
was applied to a compressive axial load at a constant rate of 0.04 in/min. The load was
applied until the test sample failed by cracking or breaking. The load at fracture was read
off a recorded stress-strain curve. Two measurements of each formulation were tested
under identical test conditions and the mean load value was reported. The load was
converted into stress using the following equation:

Maximum load
Cross-sectional area

Compressive stress=

(2.1)

After compression, the pellet was squeezed by approximately 1/3 before the final
failure. The type of fracture was hard to tell but seemed columnar type. From Table 2.6,
the compressive strength of sample 1 and 2 showed good compressive resistance. The
sample 5 and 6 had better compressive strength than sample 3 and 4. Pellets from wood
dust were more difficult to keeps shape than grass. The 20wt% bio-coal pellets had
higher compressive resistance than 10wt% bio-coal pellets.
Table 2.6
NO.

Result of compressive strength
Maximum load (lbs)

Compressive strength(psig)

1

17.5

89.1

2

17.9

91.2

3

6.3

32.1

4

8

40.8

5

14.5

73.9

6

16

81.5
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2.3.4

Thermal decomposition
The thermal decomposition tests during pyrolysis process were performed using a

Shimadzu TGA-50H. The weight change of samples in nitrogen was recorded as a
function of temperature up to 1000 °C. TGA analysis was carried out at heating rate of
10°C/min in nitrogen flow at 50 ml/min. Investigation into sample thermal
decomposition was important to understand the pyrolysis temperature range. The TGA
program provided weight loss as a function of temperature. The differential of the weight
loss (DTG) curve highlighted the TG processes more clearly.

Figure 2.3

TGA/DTG diagram of fine coal in a nitrogen atmosphere.
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From Figure 2.3, one shape peak appeared in DTG at about 450°C. The pyrolysis
process started at 350- 600°C. The weight loss was due to release of gases and volatile
matter. Above 600°C, weight loss phase appeared to be stable.

Figure 2.4

TGA/DTG diagram of wood dust in a nitrogen atmosphere.

The change of conversion during wood chips pyrolysis is shown in Figure 2.4.
The moisture and adsorbed water content released up to 250°C. The main decomposition
region was in range of 300-450°C. Above 450°C, there was only a small drop of weight.
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Figure 2.5

TGA/DTG diagram of grass in a nitrogen atmosphere

The change of conversion during grass pyrolysis is shown in Figure 2.5. The TGA
curve showed major loss stages occurring between 250 and 450°C. Above 450°C, there
was only a small drop of weight. Wood and grass were decomposed at a lower
temperature than coal.
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Figure 2.6

TGA/DTG diagram of sample 1 in a nitrogen atmosphere

Pyrolysis process of sample 1 took place at 400-600°C in Figure 2.6, which was
similar to coal. Because the addition of 10wt% clay increased the temperature, the
pyrolysis initial point of sample 1was 50°C higher than coal. The addition of an inorganic
binder tended to make the pellet ignite less readily.
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Figure 2.7

TGA/DTG diagram of sample 4 in a nitrogen atmosphere

Figure 2.7 showed curves of the weight loss and weight loss rates of the coal and
wood samples as function of temperature in nitrogen. In nitrogen, pyrolysis of sample 4
took place between 250-650°C. The pyrolysis initial point of sample 4 was the initial
pyrolysis point of wood and the pyrolysis end point was the pyrolysis end point of coal.
The pyrolysis process of sample 4 was very stable, because it overlapped with pyrolysis
process of wood and coal.
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Figure 2.8

TGA/DTG diagram of sample 6 in a nitrogen atmosphere

Figure 2.8 showed curves of the continuous weight change and rate of weight
change of the coal and wood samples as function of temperature in nitrogen. In nitrogen,
pyrolysis of sample 6 took place between 300-600°C. The pyrolysis process of this
sample showed the similar trend as sample 4.
2.4

Conclusions
The moisture content, particle size, densification temperature and pressure were

the significant factors affecting density and compressive resistance of coal pellets and
bio-coal pellets. Coal pellets were better than bio-coal in density and compressive
resistance. Pellets with good quality could be produced with feed moisture contents of
10-20wt%. The pellets were stored for more than one month without cracks. The TGA
25

curves showed the pyrolysis process of the mixture of coal and biomass was more stable
than coal.
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CHAPTER III
GASIFICATION SET-UP AND PROCEDURE

3.1

Introduction
Gasification was first commercialized using coal. Recently, biomass gasification

using various organic materials, such as agricultural and forestry residues, Biomass has
been of interest to researchers since biomass has lower sulfur and ash content than coals. .
Feedstock properties (e.g. particle size, moisture content) and operating variables (e.g.
temperature, pressure, feeding rate) have significant effects on the gasification process
and syngas quality. In this study, critical variables affecting gasification and syngas
composition was identified and evaluated.
3.1.1

Gasifier system
Gasification was conducted using a 25 kW downdraft gasifier (BioMax 25,

Community Power Corporation, USA). The control system was designed to
automatically control temperature based on a programmable controller. A screenshot of
the Labview interface and a schematic of gasifier system is depicted in Figure 3.1(CPC
Corporation, 2010).
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Figure 3.1

Labview interface and schematic of Gasifier

In Figure 3.1, the standard feedstock, red oak wood chips, was fed from the open
top of the gasifier by feeder augers. The syngas exited from the bottom in the same
direction as the feedstock feeding. The diameter and the height of gasifier throat were
0.35 m and 1.3 m, respectively. The level of feedstock was detected by a level sensor.
When the feedstock level fell below the setpoint, the feeder would automatically refill.
The feedstock slowly dropped inside gasifier due to gravity and oscillation of the grate.
The grate was shaken to remove the ash and smooth air flow. The gasifier started with
charcoal to pre-run for1 hr. When temperature in GTC2-Level 5 and pressure kept
constant, the gasifier reached steady state at which more feedstock could be fed. The tests
should last more than three hours in order to eliminate the effect of startup.
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3.1.2

Principles of biomass gasification
In a typical process, biomass thermal conversion undergoes four stages: drying

zone, pyrolysis zone, oxidation zone, and reduction zone. Four zones in the downdraft
gasifier are shown in Figure 3.2.

Figure 3.2

Reaction zones in the downdraft gasifier.
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During the drying process, the feedstock moisture was transformed into water
vapor. The temperature in this zone remained between 110-250°C. The energy for drying
was provided by the combustion of wood chips inside the gasifier.

Feedstock  Heat  Dry Feedstock + H2O

(3.1)

During the pyrolysis process at 250-600C, biomass was broken down to form
char in absence of oxygen. When volatiles such as monoxide, carbon dioxide, acetic acid
and methanol were released from their solids, the remaining solids were called char,
which mainly contained carbon.
Dry Feedstock  Heat  Char + Volatile Gas

(3.2)

During the oxidation process, the excessive oxygen helped oxidize the char into
light hydrocarbons, CO and H2. Afterwards, the volatile products and char reacted with
oxygen at 700C -950C. The reactions involved water-gas shift reaction, CO
combustion, H2 combustion, and CH4 combustion (Cornejo & Faras, 2011). For
gasification using air as oxidation gas, nitrogen was introduced with air, but nitrogen did
not react with feedstock or other gas under such conditions. Thus, the main products in
oxidation zone were CO2 and H2O.
C  O2  CO2 (H= -405.9 kJ/mol)

(3.3)
1
H 2  O2  H 2O (H= -242 kJ/mol)
2
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(3.4)

During the reduction process, char reacted with steam or CO2 to form H2 or CO at
700 -850C in oxygen-starved conditions. Because the reduction reaction was
endothermic reaction, the temperature in reduction zone was 100 C lower than oxidation
zone. While the exact chemistry of this process was highly complex, several principal
reactions vital to the formation of syngas were well agreed and used commonly in
mathematically modeling of biomass gasification (Priyadarsan et al., 2004).
Reaction 3.5 was endothermic Boudourd reaction. Boudourd reaction was the
gasification of char in carbon dioxide and the carbon monoxide yield was determined by
this reaction. The reverse reaction was favored below 850 C. Therefore, CO content
increased with increasing temperature because of endothermic reactions. To accelerate
the reduction reaction, the reaction temperature should be increased above 850 C. All
carbon dioxide would react until 1200 C. The carbon monoxide production depended on
the temperature above 850 C. Reaction 3.6 and 3.7 was endothermic water-gas reaction.
The water-gas reaction was the gasification of char in steam. Reaction 3.8 was slightly
exothermic shift reaction, which determined hydrogen production yield. The shift
reaction increased the hydrogen content at the expense of carbon or carbon monoxide.
So, the temperature in reduction zone above 850C was the key factor to produce the high
quality syngas.

C  CO2  2CO (H= 159.7 kJ/mol)

(3.5)

C  2H2O  CO2  2H2 (H= -75.2 kJ/mol)

(3.6)

C  H2O  CO  H2 (H= 131.3 kJ/mol)

(3.7)
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CO  H2O  CO2  H2 (H= -40.9 kJ/mol)
3.1.3

(3.8)

Gasifying mediums
There are four types of gasifying agents including air, oxygen, steam and

hydrogenation.
Air gasification technology is widely used, because it avoids building oxygen
production system coupled with oxygen gasification, complex design and difficult control
in steam gasification, and strict operation condition in hydrogenation gasification. Air is a
low cost gasifying agent. However, air gasification produces low heating value syngas.
Because the air contains 79% nitrogen and gasification with air thus introduces around
50% nitrogen into the syngas. The dilute syngas has low heating value of 4–6 MJ/m3. In
addition, the exit of nitrogen increases gas velocity. However, nitrogen removal from
syngas is hard and not economic. In CPC gasifier, the gasifying agent was air. The open
top design was the primary air entrance. Secondary air was injected from the side
nozzles. Secondary air supplement injected into oxidation zone improved the combustion,
reduced the tar content, and controlled the gasifier temperature.
Usage of oxygen instead of air could solve nitrogen dilution problem and increase
syngas heating value to 12 MJ/m3. Oxygen gasification temperature and reaction rate
increase. The increasing of oxygen content slightly increased CO concentration, while
CO2 and H2 concentration were almost constant(Lee et al., 2010).However, oxygen
gasification is not cost-effective, because oxygen separation system is expensive and
requires extra capital investment.
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Steam can improve the syngas heating value to 15 MJ/m3 by eliminating nitrogen
content (Colpan et al., 2010). In steam gasification, various methanation reactions
increase the concentration of methane and hydrogen. The steam is heated by external
heat, because the reaction with steam is exothermic reaction. Steam is generated through
a boiler. However, the stream gasification is very complex and hard to control.
Gasification with hydrogenation agent is the process to make hydrogen reacting
with carbon and water to produce methane. The syngas heating value is high to 20
MJ/m3. The strict reaction condition is high temperature and pressure. Similar to oxygen,
the hydrogen source is also hard to get.
The heating value of syngas depended on gasification agent is presented in
Table3.1.The syngas can be classified in three groups: lower heating value (LHV),
medium heating value (MHV), and higher heating value (HHV).
Table 3.1

Effect of gasification medium on heating value (Maniatis & Beenackers,
2000)
Heating value(MJ/m3)

3.2
3.2.1

Gasifying medium

LHV

4-6

Air

MHV

10-12

Pure oxygen/Steam

HHV

15-20

Hydrogenation

Material and method
Drying feedstock
The moisture level had impacts on storage, reaction temperature, and composition

of syngas. Reducing moisture content below 15wt% could inhibit the growth of
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microorganisms. When the moisture content increased, the reaction temperature and CO
content decreased while tar content increased (Lin Wei, 2009). Appropriate range of
moisture content for gasification was recommended to be 10-15wt% prior to be loaded to
drying zone. Wood chips could be sundried in open area.
3.2.2

Particle size of feedstock
The particle size of feedstock was limited in size of gasifier design. For a

downdraft gasifier, the maximum particle size was recommend to be 1/8 of the throat
diameter (Earp, 1988). The maximum particle size suggested was 44 mm. Larger
particles resulted in startup problems and bad gas quality. Smaller particles prevented the
efficient flow. High pressure drops over the reduction zone resulted in gasifier shutdown. For our system, wood chips were extracted by screening machine and then crashed
by auger feeder. The wood chips size was in 7-44 mm.
3.3
3.3.1

Results and discussion
Element composition of feedstock
Feedstock samples were analyzed in soil lab in Mississippi state university. The

elements were determined and the results were presented in Table 3.2. The elemental
contents in wood chips and grass were almost same and both feedstocks had about 50%
carbon content and 45% oxygen content. Compared to biomass, the coal had the high
carbon content (about 80%) and sulfur content.
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Table 3.2

Ultimate Analysis of red oak wood and coal (on dry basis)

Component

3.3.2

Wood chips

Coal

Grass

Carbon (wt %)

49

78.73

47.26

Hydrogen (wt %)

5.9

4.93

6.03

Nitrogen (wt %)

0.25

1.9

1.1

Oxygen (wt %)

44.5

13.7

45.61

Sulfur (wt %)

0.01

0.5

Phosphorous (wt %)

0.01

0.15

Potassium (wt %)

0.13

0.25

Calcium (wt %)

0.45

0.12

Magnesium (wt %)

0.5

0.015

Iron(ppm)

6

238

Manganese(ppm)

144

4.5

Zinc(ppm)

6

6

Copper(ppm)

3

4

Boron(ppm)

7

4

Syngas composition from different feedstocks
The composition of syngas can vary widely between different feedstocks. The

moisture content of different feedstocks was conditioned in chamber for 4 weeks in order
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to keep moisture content of 10wt%. The syngas was stored in gas storage tank and used
for gas composition determination. The composition of dry syngas was determined four
times using Agilent GC6890 and the mean value is reported in Table 3.3. The syngas
resulting from biomass gasification contains combustible and noncombustible gases. The
major combustible gas included CO, H2, and CH4. The syngas also contained small
amounts of combustible components such as ethylene, ethane, and acetylene. The major
noncombustible gas included N2 and CO2.Oxygen content in syngas was around 1%.
Contents of CO and H2 in syngas from wood chips were higher than that from mixture of
wood chips and grass pellet (mass ratio 3 to 1) while CO2 content was the opposite. It was
likely due to the higher carbon content in wood than in grass.
Table 3.3

Syngas composition from different feedstocks

Component (mol %)

Wood chips

Wood chips (75wt %) and Grass (25wt %)

CO

22.68

20.58

H2

18.13

18.04

CH4

1.86

1.71

CO2

10.59

12.16

O2

0.88

0.95

N2

45.52

46.56

Ethylene

0.25

0.22

Ethane

0.07

0.09

Acetylene

0.01

0.002

H2/CO

0.8

0.88
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3.3.3

Effect of moisture content in syngas composition
The moisture content of feedstock greatly affected both the reaction temperature

and composition of syngas. Table 3.4 showed composition of syngas produced from
wood chips with moisture content of 10wt% and 15wt%. When the moisture content
increased from 10wt% to 15wt%, CO2 and H2 content increased from 10.6% to 12.1%,
from 18.1% to 19.7%, and CO content decreased from 22.7 to 18.9%. An increase in
moisture content increased CO2 and H2 content and decreased CO content, which was the
result of the water-shift reaction. However, H2 content did not increase significantly.
Table 3.4

Syngas composition at different moisture content

Moisture content (wt %)

3.3.4

15%

10%

CO

18.9

22.7

CO2

12.1

10.6

H2

19.7

18.1

CH4

2.1

1.9

Temperature on different feedstock
The proper gasification temperature promoted conversion of char to yield high

CO and H2 content. When temperature dropped, the concentration of methane and char
increased. To obtain the maximum yield of carbon monoxide and hydrogen, reaction
temperature should be above 900˚C (Sahraei, 2011).
From Figure 3.3, seven different height zones were installed with k-type
thermocouples to monitor temperature. Two levels (GTC1 and GTC2) were located
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above the nozzles. Five levels (level1 to level 5) were located at reaction zones. One level
(Grate) was located at grate.

Figure 3.3

Thermocouples on gasifier
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In Figure 3.4, an average temperature for running wood chips with 10wt%
moisture content was considered as standard condition. The ideal operation temperature
was GTC2 at 100˚C, level1 at 300˚C, level2 at 600˚C, level3-level5 greater than 800˚C,
but less than 950˚C (CPC, 2009). High moisture content reduced temperature due to heat
absorption for vapor evaporation. In Figure 3.4, from GTC2-level3, the temperature from
wood chips with15wt% moisture content was 100˚C less than wood chips with 10wt%
moisture content. Compared wood chips with 10wt% moisture content with mixture of
wood chips and grass pellets (weight ratio 3:1). The temperature from mixture was higher
than wood chips at all locations. During biomass mixture gasification, the temperatures at
GTC2 and level1 were high above 600˚C. Compared to wood chips, the pelletized grass
was still loose and had lower ignition temperature. The temperature of 600˚C at GTC2
indicated that pelletized grass had already started burning at drying zone. The small grass
pellets increased the temperatures of oxidation and reduction zone. Large grass
agglomeration was found inside the gasifier. The temperature distribution was poor in
grass pellets gasification.
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Figure 3.4

3.3.5

Average temperature inside the gasifier during different biomass run: 100%
wood chips with moisture content 10wt%, mixture of wood chips and grass
(weight ratio 3:1), 100% wood chips with moisture content of 15wt%.

Mass conservation
The mass conversion of carbon and hydrogen indicated the efficiency to utilize

the carbon and hydrogen from feedstock. The mass conversion of carbon/hydrogen was
the ratio of the sum of output carbon/hydrogen in syngas to the sum of input
carbon/hydrogen from biomass. The flow rate of syngas was 65 Nm3/hr. The
consumption of wood chips was 27 kg/hr. The carbon conversion rate was 94.1% (from
wood to CO, CO2 CH4, C2H4, C2H6, and C2H2) and the hydrogen conversion rate was
82.2% (from wood to H2, CH4 C2H4, C2H6, and C2H2).
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Carbon conversion=

 Carbongas * Weight gas
carbon in syngas
*100%=
*100%
total feed carbon
Carbonwood * Weight wood

Hydrogen conversion=

3.3.6

(3.9)

Hydrogengas* Weightgas
hydrogen in syngas
*100%=
*100%
total feed hydrogen
Hydrogenwood * Weightwood
(3.10)

Energy conversion
Energy conversion determined the effective energy transfer from the feedstock to

combustible syngas. Energy input in feedstock was the weight of feedstock consumed
multiplied by its heating value. The heating value of red oak wood chips was 19.54 MJ/
kg (UTV, 1996). Energy output was the sum of syngas constituents multiplied by
individual heating value (Basu, 2006). The ratio of output energy to input energy gives
the energy conversion. When moisture of wood chips was 10wt%, the heating value of
syngas was 5.9 MJ/m3. The energy conversion from red oak wood to syngas was 72.7%.

Energy conversion=

Heating Valuegas * Volumegas
energy in syngas
*100%=
*100%
energy in feedstock
Heating Valuewood * Weight wood

Heating Valueproducer gas = HVCO *YCO + HVH2 *YH2 + HVCH4 *YCH4
Where
3.4

(3.11)
(3.12)

HVCO =12.6 MJ/m3 , HVH2 =12.76 MJ/m3 , HVCH4 =39.8 MJ/m3

Conclusions
Gasification of red oak wood chips and mixture of wood chips and grass pellets

were conducted in a CPC downdraft gasifier. Although it was feasible to perform pellet
gasification, the suitable operation parameters on grass or coal pellets still need further
study. The syngas composition depended on feedstock properties, especially moisture
content. Temperature distributions varied between different feedstocks. The carbon
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conversion rate of 94.1% and hydrogen conversion rate of 82.2% were obtained with
wood chips with 10wt% moisture content. Energy ratio was as high as 72.7%, indicating
that biomass gasification was an effective way to transfer energy to syngas from biomass.

42

CHAPTER IV
SYNGAS CLEANUP AND PURIFICATRION

4.1

Introduction
The syngas from the gasifier contained about 18% H2, 21% CO, 12% CO2, 2%

CH4 and 46% N2. Besides these main components, syngas typically contained impurities,
such as 1.47wt% fly ash, 10% water vapor, 0.9% oxygen, and 1246 mg/m3 ammonia.
Such impurities must be removed from syngas before CO hydrogenation since fly ash can
cause fouling of metal catalysts, oxygen can deactivate FT and alcohol synthesis catalysts
by oxidizing active metals. Ammonia can decrease catalyst performance due to it
blocking active sites as a result of competitive adsorption.
4.2

Material and method
The general gasification reaction is shown in equation 4.1.
Woodchips  Air 
 CO, H 2 , CH 4 , CO2 ,N 2
gasification at 900o C
+Hydrocarbons(Ethylene,Ethane,Acetylene)
+NH3 ,O2 ,H 2O
+Ash

(4.1)

Ash in the raw syngas contained almost all inorganic materials presented in
biomass (P, K, Ca, Mg, Fe, Mn, Zn, Cu, Bo).Oxygen was present in small quantities.
When oxygen concentration was lower than 1000ppm, oxygen was analyzed with trace
oxygen analyzer (Series 3000 Trace Oxygen Analyzer, Alpha Omega Instruments). When
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oxygen concentration was higher than 1000ppm, oxygen was measured with a thermal
conductivity detector (TCD).
4.2.1

Fly ash in syngas
Fly ash as solid particles entrained in syngas when it exited the gasifier. When the

feedstock was red oak wood chips, the total fly ash content collected in drum was
1.47wt% of input feedstock. The source of fly ash was from bottom bed ash particulates
and char particulates. The resulting fly ash in syngas could cause equipment abrasion,
agglomeration in gasifier and fouling of metal catalysts due to large amount of
metals(Lin, Dam-Johansen, & Frandsen, 2003). The composition of the ash is present in
Table 4.1 presents. The particle density of fly ash was 1246 mg/m3. Unburned carbon
was abundant in fly ash, typically comprising 30wt% of the ash mass. The rest content of
fly ash was almost inorganic materials, up to 68.84wt%.
Table 4.1

Composition of the fly ash (wt %)

Element

Concentration

Carbon

30.25

Hydrogen

0.63

Nitrogen

0.28

Inorganic

68.84

Table 4.2 summarizes the inorganic composition of ash from hard wood by
calculation from elemental composition of biomass in Table 3.2. The contents of calcium,
magnesium, and potassium contributed to major inorganic composition. The inorganic
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compounds present in biomass existed as salts and were vaporized during the
gasification. Chemical equilibrium model was used to analyze the fate of the different
elements during combustion (Ljung & Nordin, 1997). Elemental analyses showed that Ca
and Mg were the most abundant inorganic element in the feedstock, and fly
ash.Ca3(PO4)2was the most stable Ca species throughout the temperature (Ljung &
Nordin, 1997). However, the amount of P was smaller than Ca, and the remaining Ca
formed CaO above 770˚C (Ljung & Nordin, 1997). Mg existed as MgO in the ash since
MgO was the most stable above 325˚C. HCl and KCl were the dominant chlorinecontaining species released from biomass during gasification process, Gas HCl was

consumed simultaneously by alkali and formed alkali chlorides at temperatures below
800 ˚C (Ljung & Nordin, 1997) during the pyrolysis and oxidation process. . The salt KCl
volatilized at temperature of 750˚C (Björkman & Strömberg, 1997).Similar to Cl , all S was

consumed by the formation of alkali sulfates K2SO4 at temperatures below 800 ˚C (Ljung
& Nordin, 1997). Because the amount of S and Cl was smaller than Na and K, the

remaining alkali metals formed K2CO3 below 800 ˚C (Ljung & Nordin, 1997). Inorganic
compounds existed as a form of CaO , Ca3(PO4)2, MgO , KCl,K2SO4, or K2CO3.

Alkali compounds were vaporized in hot syngas at reduction and oxidation zone.
The vaporized alkali chloride was very easy to condense on surface especially under
800°C (Peterson et al., 1994). Alkali compounds up to 99% were deposited on cold
surfaces such as heat exchangers, filter bags, ice bath and water scrubber. Therefore, the
cleaning system effectively removed alkali compounds.
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Table 4.2

4.2.2

Composition of inorganic compounds calculation in ash, on dry basis (wt %)
Element

Concentrations(g/hr)

g/m3

Calcium

109.35

1.6823

Magnesium

121.5

1.8692

Potassium

31.59

0.486

Phosphorous

2.43

0.0374

Manganese

3.5

0.0538

Iron

0.15

0.0022

Zinc

0.15

0.0022

Boron

0.17

0.0026

Copper

0.07

0.0011

Ammonia
The concentration of ammonia depended on the type of biomass, gasifier

parameters, and operating conditions. The concentration of ammonia in the syngas
ranged from 1000-14000ppm (Torres, Pansare, & Goodwin Jr, 2007) and between 1000–
5000ppm (Zhou et al., 2000).
Ammonia was formed from the protein and other nitrogen-containing components
in the biomass. During the gasification process, as much as 60–80% of the nitrogen in
biomass would convert to ammonia (Mojtahedi et al., 1995).In this study, the ammonia
content was calculated from total nitrogen content in biomass.
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4.2.3

Water vapor
When syngas exited from gasifier, the moisture content varied with feedstocks

and was typically in the range of 5-10%. The presence of water caused internal corrosion
of pipeline and compressor. The pipeline and compressor cannot tolerate water vapor
above 0.5%. When water vapor in syngas passed through reactor, water vapor had
negative effect on catalysts. Therefore, prior to the raw syngas entering into reactor and
composer, the water vapor needed to be removed from syngas. The removal of water
vapor can be performed via different methods.
4.2.4

Specifications for the syngas cleaning
No exact levels for impurities were set in syngas. The clean up requirement was

based on economic considerations and the intended use: investment in gas cleaning
system versus acceptable level of the intended use (Opdal, 2006).Specification limitation
of syngas for various metal catalysts was in different range. The process selected for
removing impurities depended on application scale and required degree of impurities
(Vijay et al., 2006).Rule-of-thumb specifications for impurities are presented in Table
4.3.Base on previous literatures and our experience in catalytic syngas, standard feed gas
specification to FT synthesis was set.
The sulfur impurities poison reforming catalysts by forming metal sulfides. The
nitrogen containing impurities blocked active sites on catalyst surface as a result of
competitive adsorption. Sulfur were reduced to less than 300 ppm for power generation
(Feedstock, 2006). Boerrigter et al. (2003) pointed that sulfur concentration in syngas for
the synthesis of methanol should be below 1 ppm. Newby et al. (2001) stated that the
sulfur content in syngas for FT should below 60 ppb.
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The contents of ash was required to be less than 50 mg/m3 for engine operation
,and 0.2 mg/m3 for methanol synthesis (Hasler & Nussbaumer, 1999). From table 4.3,
the halide level in syngas less than10 ppb was acceptable for various intended use. The
remaining contents of ammonia was required to be lower than 10 ppm for methanol
synthesis (Spath & Dayton, 2003). N2 and CO2 could readily be captured with standard
techniques, but the cost for removal of N2 and CO2 was not reasonable (Boerrigter, den
Uil, & Calis, 2003)
Oxygen content after air gasification was around 1%. It should be decreased to
below 0.5% before compressing (De Hullu et al., 2008). Otherwise, explosion would
happen during compression. Moreover, to avoid oxidization of expensive metal catalysts
at high synthesis temperature, the residual oxygen should be decreased to less than 1 ppm
before synthesis recreation.
To maintain catalyst lifetime in FT synthesis, limited specification was set in
Table 4.3 group 5.
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Table 4.3

Gas cleaning requirement
1

2

H2S(ppb)

<1(ppm)

<60

NH3(ppm)

<1

<10

HCl(ppb)

<10

<10

Ash(mg/Nm3)

3

4

5

<10

<1(ppm)

<60
<10

<10

<10

<10

<0.2

< 0.2

Oxygen(ppm)

1

From calculation from elemental composition of biomass in Table 3.2, the
maximum contents in raw syngas are presented in Table 4.4. The expected impurity
concentration in syngas before and after cleaning is also shown in Table 4.4.
Table 4.4

Summary of expected impurity concentration in syngas before and after
cleaning
H2O

Ash

O2

(vol %)

(mg/Nm3 )

(vol %)

NH3

HCl

H2S

116(mg/m3
Before

5-10%

1246 0.5~2%

cleaning

2745(mg/m3) )

85(mg/m3)

1645(ppm)

107(ppm)

61(ppm)

10(ppm)

10(ppb)

60(ppb)

Target
level

0

0.2

1(ppm)
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4.2.5

Cleanup process
Figure 4.1 shows a schematic diagram of syngas purification. Before

compression, the large amount water vapor needed to be removed by water trap and ice
bath. Water trap helped capture liquid water from gas. When syngas passed through pipes
immersed in ice, water vapor condensed into liquid. After the first stage compression,
the syngas was compressed to 50 psig for injection into water scrubber. Ammonia in raw
syngas was removed through water scrubber. Syngas saturated with water vapor was
dried by silicone gel. Oxygen was removed from syngas by using copper catalysts. The
syngas with 1 ppm oxygen would be readily and safely converted to biofuel over metal
catalysts or compressed and stored in tank at 2000 psig.

Figure 4.1

Schematic diagram of syngas production and purification
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4.2.6

Filtration system remove fly ash
The syngas exited from grate at temperature of 500°C.Then, syngas passed

through a heat exchanger, and was cooled down to 110°C. CPC filtration system
separated fly ash from the syngas by filter bags. Filter bags were enclosed inside an
inverted drum.
4.2.7

Water scrubber remove fly ash
Wet gas scrubbers were to purify syngas by means of injecting syngas into liquid.

The syngas was compressed and fed into a packed bed absorption column from bottom.
The adhesion and dissolving property of the contaminants to liquid was the cleaning
mechanism (Laurence & Ashenafi, 2012). The most common scrubbing liquid was water.
Ammonia and fly ash were simultaneously removed in a single stage water scrubber.
The syngas was compressed to approximately 50 psig to inject into water. The
water scrubber system was a 25 gallon tank outfitted with bubbling device. The diameter
and height of tank were 18 in and 28.25 in, respectively. From table 4.5, the efficiencies
of filter bags and water scrubber were 70-95%, 60-98%, respectively. The particle
removal efficiency of two stages was 88-99.9% .The density level of ash was left in
syngas was 1-150 mg/m3.This range of ash level met the requirement. After wet scrubber
process, the syngas then passed through drying apparatus.
Table 4.5

Particle removal efficiency of some mechanism methods (Laurence &
Ashenafi, 2012)

Method

Particle removal (%)

Fabric filter

70-95

Wash tower

60-98
51

4.2.8

Water scrubber remove ammonia
The ammonia in the producer gas could be cleaned by the wet scrubbing

technology, which was widely adopted in the existing biomass gasification processes
(Mudge et al., 1985).Water scrubbing involved the physical absorption of ammonia in
water at high pressure. Ammonia had very high solubility in water (Higman & Van der
Burgt, 2008). The increased pressure and decreased temperature increased solubility of
ammonia in water.
4.3
4.3.1

Oxygen removal from syngas by catalytic oxidation of copper catalyst
Introduction
Even though gasification occurs under oxygen-deficient conditions, about 1%

oxygen was still found in producer gas. The source may be from tiny air leaks in the
system. Small amounts of air may enter into the syngas during compression process. The
presence of oxygen in syngas caused a variety of severe problems. The specification set
at 10 ppm exceeded due to oxygen corrosion in the pipelines. As a strong oxidizing
agent, extremely low concentrations of oxygen poisoned metal catalysts. Oxygen
oxidized the catalytically active metal crystallites to inactivate metal oxide. To protect the
expensive precious metal catalysts, the oxygen concentration in syngas was required less
than 1 ppm. Therefore, the removal of oxygen in syngas should be taken highly into
consideration.
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4.3.1.1

Method to remove oxygen
The methods used to remove oxygen were catalytic oxidation and chemical

absorption. Catalytic oxidation methods were catalytic oxidation of hydrogen and carbon
monoxide.
In presence of hydrogen, hydrogen molecules were absorbed on the catalyst
surface. Molecular hydrogen dissociated on the catalyst surface to form hydrogen atoms.
Oxygen reacted with metal catalysts to form oxides O2- .Hydrogen atoms easily reacted
with O2- to form water. Under condition of temperature range of 120-400C, hydrogen
and oxygen reacted exothermally in extreme rate on the catalytic surfaces. The catalysts
with hydrophobic support such as alumina were deactivated due to absorption of
condensate water under room temperature. Therefore, the reaction temperature should be
above the dew point to prevent absorbing the condensate water.
In system of rich CO, the reaction mechanism to comply with the LangmuirHinshelwood mechanism (Laberty et al., 2001). During catalytic processes, oxygen
reacted with carbon monoxide to form carbon dioxide. The adsorbed oxygen reacted with
carbon monoxide, giving a CO3 complex as an intermediate stage. The reaction released
much heat and increased temperature sharply. The high temperature may change crystal
and pore structure of the deoxidant catalyst, lower the dispersion, and cause sintering.
Transition metals had d5, d7, d8, and d10 configurations. When oxygen reacted
with the transition metals, the transition metal oxidation state increased. Chemical
absorption method was usually used in inert gas, which did not contain reduction gas.
After regeneration between 200-300 C by hydrogen or carbon monoxide, the transition
metal catalysts could be used again.
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4.3.1.2

Catalysts
Precious metal deoxidizers, such as palladium and platinum, had highly catalyzed

effects. Catalysts could be used without pretreatment. Precious metal caused hydrogen to
react with oxygen to give water. The operation condition was room temperature. The
residual oxygen was below 0.02 ppm. The mechanism of the H2 oxidation reaction over
Pt surface was studied by using mass spectrometry and laser induced fluorescence
(Williams, Marks, & Schmidt, 1992). However, the price of precious metal was very
expensive. When exposed to impurities such as sulfur and chlorine, the precious metal
catalysts had short life. Since the catalysts deactivated, the spent catalysts resisted
regeneration.
CuO catalysts have been widely used in a variety of catalytic reactions (Prasad &
Rattan, 2011). In reaction, surface dispersed copper oxide was the active phase, in
particular at lower operation temperatures of 200C. Both Cu2+ and Cu+ species
presented in the catalysts (Moretti et al., 2008) .Cu+ species was active phase after
pretreatment by CO (Wan et al., 2008). The CuO/CeO2-Al2O3 catalyst is a promising
candidate that can be a substitute for the more costly precious metal catalysts. For
example, BASF offers mixed-metal catalysts for the removal of oxygen from gas streams.
Puristar R3-11 is a CuO catalyst tablet. It is used for the regenerative removal of oxygen,
CO, H2, and other industrial gases and liquids (BASF, 2012). Due to low price, copper
catalysts are widely used, but copper catalysts are active above 200C and have side
reactions.
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4.3.1.3

Catalyst support
When oxides of transition metals combined with other oxides such as cerium, the

active centers -hydroxyl roots form on the surface and the catalyst could store oxygen in
its structure (Alouche, 2008). Copper is better dispersed on the ceria-promoted alumina
support in comparison to alumina alone. CeO2 is one of the most thermally stable
compounds and the oxidation state of the cerium cation may vary between +3 and +4,
which enabled it to form oxides CeO2-x (Alouche, 2008).Oxygen vacancies supplied and
enhanced by ceria are responsible for improved activity. Incorporation of CuO into CeO2
lattice enhances oxidation reactions performance and the activity for oxidation reaction is
even comparable to precious metal catalysts. The alumina support is the activated
alumina.
4.3.2
4.3.2.1

Material and method
Catalysts Preparation
High Cu content had a negative effect on the catalytic activity, because high Cu

content led the formation of bulk CuO phase, while the bulk CuO contributed little to the
oxidation activity(Y. Liu et al., 2002).When the Cu content was at the optimum level of
10%wt, the highly dispersed Cu oxide species interacted well with support
alumina(Strohmeier, Levden, Field, & Hercules, 1985).
The catalyst F was prepared by a two-step impregnation method. First, required
amount of aqueous solution of cerium nitrate [Ce (NO3)3· 6H2O] was impregnated over
the alumina. The precursor was first left at room temperature overnight and then dried
at120°C for 6 hr, followed by decomposition at 600 °C for 6 hr. During subsequent
impregnation , required amount of aqueous solution of copper nitrate [Cu(NO3)2· 3H2O]
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was impregnated onto the CeO2/Al2O3 , then dried at 120°C for 6 hr and finally calcined
at 350°C for 6 hr. Three catalysts with different components were prepared in this study.
The composition of the catalysts is listed in Table 4.6.
Table 4.6

The composition of catalyst

Name

Ce (wt %)

Cu (wt %)

F

5

10

P

0

10

S

5

0
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4.3.2.2

Pretreatment

Figure 4.2

Reduction of F in reduction gas (H2/CO/N2=1:1:3)

Three grams of F catalyst were regenerated in reduction gas (H2/CO/N2=1:1:3) at
heating rate of 1°C /min, atmosphere pressure, and GSHV=700 hr-1. In Figure 4.2, F was
selected to be reduced by oxidation of CO. The maximum CO conversion was at
temperatures around 200°C.Without presence of CO2, H2 and CO competed for the same
adsorption site and CO oxidation was more active than H2.
Prior to test, F was reduced under CO-N2 (20% CO by volume) stream at 250°C
for 6 hr, at atmospheric pressure(Wan, et al., 2008). A gas flow rate of 20 ml/min was
maintained throughout the whole reduced process(Wan, et al., 2008).Then, the reactor
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was purged with a N2 stream until the treated catalyst was cool down to a desired
temperature point. The catalysts were directly exposed to reaction gas when reactor
temperature was stabilized.
The purpose of reduction was to activate surface copper oxide to metal copper,
which increase deoxidizer activity and oxygen capacity. Deoxygenation efficiency over
the CO-pretreated catalysts were much higher than those over fresh catalysts, because
only Cu2+ species were present in the fresh catalysts which were different from the initial
states of copper in pretreated catalysts(Wan et al., 2008). The addition of cerium oxide as
a support lowered the reduction temperature of CuO compared to alumina(Alouche,
2008).The previous work demonstrated that : for CO oxidation redox processes involved
the copper oxide support interface while for H2 oxidation, redox processes involved
propagation of the reduction to the rest of the supported copper oxide particles (Gamarra
et al., 2007).
4.3.2.3

Measurements of catalytic activity
In Figure 4.3, catalytic tests were performed in a half-inch tubular reactor using

raw syngas after pretreatment. The reactor was placed in a tube furnace with digital
control for heating. Three grams of the catalyst were placed at the center. A thermocouple
was inserted inside the tube and the tip was located just above the catalyst.
The gas hourly space velocity (GHSV) was set from 500 hr-1 to 5,000 hr-1.The
reaction period was operated at 100°C, 150°C , 200°C and 250°C under the pressure of 0
psig and 50 psig.
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Figure 4.3

Schematic diagram of experimental apparatus

1-bio syngas;2-reduction gas;3,4-mass flow meter;5-pressure gauge;6-thermal
meter;7-tube furnace;8-tube reactor;9-gas chromatgraphy;10- trace oxygen analyzer;11vent
The oxygen conversion was shown in equation 4.2.

CO2 

Fin  Fout
F
100%=1- out
Fin
Fin

(4.2)

Where C was conversion rate and F was the (inlet or outlet) molar flow of
oxygen.
In equation 4.2, deoxygenation capacity (DC) was the total amount of syngas
cleaned when deoxygenation efficiency (residual oxygen concentration) equaled to 1ppm.
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Deoxygenation capacity (ml/g)=

4.3.3
4.3.3.1

Total exhast oxygen when outlet equal 1ppm(ml)
Weight of catalyst(g)

(4.3)

Results and discussion
Thermogravimetric analysis
Thermogravimetric analysis was conducted using a Shimadzu TGA-50H. The

weight change of cerium and copper in nitrogen was recorded as a function of
temperature up to 1000 °C. To determine the calcination temperature of P and S, TGA
analysis was carried out at a heating rate of 10°C/min in nitrogen flow rate at 50 ml/min.
To determine the calcination temperature, the precursor of catalyst before
calcination but after drying at 120°C was analyzed by TGA. In Figure 4.4a, the weight
loss of P from 100 to 200°C can be attributed to the release of physically adsorbed water
and the water of crystallization from the catalyst's surface. From 300 to 600°C, the
remarkable weight loss process corresponded to the decomposition of nitrite that released
NO2 and O2 (equation 4.4). After 600°C, no weight loss was observed. Based on these
results, the proper calcination temperature should be above 600°C. In Figure 4.4b, the
weight loss of S before 100 °C was typically small, suggesting that the precursor was
fully dried at 120 °C. Crystallization water of was released from 200 to 250°C. The
nitrates decomposition took place between 250 and 350°C (equation 4.5). After 350°C,
both curves tended to be flat. Temperature of 350°C was selected as calcination
temperature.

2Cu(NO3 )2  2CuO  4NO2  O2

(4.4)

2Ce(NO3 )3  2CeO2  6NO2  O2

(4.5)
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(a)

(b)
Figure 4.4

TG/DTG of (a) and (b) as a function of temperature. (a) P and (b) S
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4.3.3.2

Effect of temperature and pressure on the catalyst performance
Three grams of F and P catalysts were loaded respectively. The temperatures

studied were: 100, 150, 200, and 250 °C. The operating pressure was controlled at
atmospheric pressure and 50 psig. The gas hourly space velocity (GHSV) was maintained
at 3000 hr-1.

Figure 4.5

Effect of pressure and temperature on F and P

Above 200°C, both P and F showed good deoxygenation efficiency and oxygen
conversions were almost 100%.According to Figure 4.5, deoxygenation efficiency was
promoted with the increasing temperature, reaching 100% oxygen conversion at 200°C at
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atmospheric pressure and 100% oxygen conversion at 150°C at 50 psig. The temperature
above 200°C met the requirement.
When temperature below 150°C, the increasing pressure showed its effect and led
to better deoxygenation efficiency. Especially at 150C and 50 psig, the oxygen could
still convert completely. An increase in pressure shifted the equilibrium towards the
shrinking volume side of the reaction. The high pressure favored the production of water.
CO2 inhibit the CO oxidation over CuO/CeO2-Al2O3 and raise the reaction
temperature by around 50°C to attain a similar CO conversion observed in the absence of
CO2 (Avgouropoulos et al., 2001).Without CO2,the optimum reaction temperature was
150°C. With increasing temperature, the hydrogen oxidation reacting with oxygen
occurred before CO oxidation (Kim & Cha, 2003).But the optimum Cu content was not
changed. Both CO2 and H2O decreased CO oxidation and the influence of H2O was
much greater than CO2 (Bae, Ko, & Kim, 2005)
The results show that F exhibits the higher catalytic activity than P. The reasons
maybe that CeO2 help increase the dispersion of CuO. Because highly dispersed CuO
catalytic activity higher than crystalline state CuO.
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4.3.3.3

Change of syngas composition after removing oxygen

(a)

(b)
Figure 4.6

The change of syngas composition after removing oxygen
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From Figure 4.6a, H2 concentration changed about 1% and CO concentration kept
almost constant. H2 became active species. The effect on the competitive adsorption of
H2 and CO was the presence of CO2 in the reactant mixture. From previous work, in 15
% CO2 steam, temperature required to obtain 50% CO conversion was 140C (Park et al.,
2004).
CO oxidation activity decrease with increasing CO2 content explained by the
competitive adsorption of CO and CO2 on the ceria surface and carbonate formation
prevents the participation of support oxygen (Park et al., 2004) . For decreasing copper
(I) carbonate, reaction temperature should increase above 180C. In my experiment, the
ceria surface was completely saturated were observed by 20 % CO2 on 5%Ce. Compared
with previous experiment with Ce as support, 5% Ce was a relative small amount that
was easily saturated.
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4.3.3.4

Effect of space velocity on the catalyst performance

Figure 4.7

Effect of space velocity on deoxygenation efficiency at 150 C, 180 C and
200 C, 0 psig over F.

Experiments were carried with different GHSV from 1500 to 4000 hr-1. The high
space velocity favored the diffusion, increased reaction rate, and favored thermal
conduction. The high space velocity had a detrimental effect on deoxygenation
efficiency.
When space velocity was too high, deoxygenation efficiency decreased. Once
oxygen penetrated, the residual oxygen concentration increased sharply. Because the
contact time was too short, the reaction did not complete.
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4.3.3.5

Deoxygenation capacity

Figure 4.8

Effect of temperature on F at170 C and 200C, 50 psig, and GSHV=3500
hr-1.

Nine grams of F were loaded into the reactor at temperatures of 170 and 200 C.
The remaining conditions were maintained constant with the operating pressure and
GSHV maintained at 50 psig and 3500 hr-1, respectively.
Syngas contained 0.9% oxygen. F was studied at 170 °C over a period of 40 hr
and at 200 °C for 160 hr within deoxygenation efficiency lower than 1ppm.
Correspondingly, DC (F, 170 °C) of 677 ml/g and DC (F, 200 °C) of 2890 ml/g were
obtained. F had a much longer life at 200°C than at 170°C.Copper was susceptible to
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time-on-stream deactivation. The catalyst life was not as long as noble metal but much
cheaper.
4.3.3.6

Clean syngas performance in FT reaction

Figure 4.9

Time on stream of CO conversion on a carbon-based nano-catalyst at
310°C, 1000 psig, 3000 hr-1 with commercial syngas, cleaned biosyngas
and raw syngas( Qianggu Yan& Fei Yu, 2012.).

Figure 4.9 shows the catalyst performance and life. When feed gas was raw
syngas, the catalyst showed low conversion of carbon monoxide due to rapid
deactivation. The clean syngas had the same good performance as the commercial gas.
The clean gas prolonged catalyst life more than 1000 hr. The conversion of carbon
monoxide in clean and commercial was around 85%. However, the catalytic activity in
cleaned syngas was better than commercial gas. From the oxygen quantity test, the
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commercial gas contained 4ppm oxygen, and the cleaned syngas contained less than 0.1
ppm.
4.4

Conclusions
Removal efficiency of fly ash by filter bag and water scrubber reached 88-99.9%.

Ammonia was removed by water scrubber. To remove oxygen from syngas less than 1
ppm, the deoxidation effects with different temperature, pressure and space velocity were
studied. The results showed that the optimum reaction conditions were temperature of
200°C, pressure of 50 psig, and GSHV of 3000 hr-1. When the deoxygenation efficiency
was 1 ppm, the deoxygenation capacity of F was 3000ml/g. When CO2 concentration in
syngas was 10.59%, the selection was primary oxidation of hydrogen.
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CHAPTER V
CONCLUSION AND SUGGESTION FOR FUTURE RESEARCH

Coal pellets were readily produced for coal downdraft gasification and also strong
enough for transportation and storage. Two binders, clay and starch, were selected to
pelletizing fine coal and co-pelletizing fine coal and biomass. Co-pelletized fine coal and
biomass were called bio-coal pellets. Various pelletizing parameters including biomass
concentration affected bio-coal pellets compressive resistance. Feed moisture had
significant impact on pellet quality. Compared to coal pellets, bio-coal pellets generated
reduced smoke and ash. Bio-coal pellets from fine coal and agricultural waste are new
feedstocks for biomass gasification. However, bio-coal pellet did not show as good
performance as coal pellet. Therefore, more efforts are need to improve bio-coal pellets
quality such as durability. Biomass downdraft gasification successfully converted wood
chips to syngas. Feedstock particle size and moisture content were significant for
producing high quality syngas. Grass pellets with small particle size and low compressive
resistance caused high temperature inside gasifier. The carbon and energy conversion of
biomass gasification was very high.
A syngas cleaning system for removal of fly ash, water vapor, ammonia, and
oxygen was developed. Water scrubber was used to remove fly ash and ammonia. The
final reaction column was used to remove oxygen from syngas. The cleaned syngas meets
the requirement of the following Fischer-Tropsch synthesis.
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In future, a model will be applied to predict syngas composition depending upon
various operating parameters, and particle size and moisture content of feedstock. The
effect of the flow rate on syngas composition in the downdraft gasifier needs to be
considered. The impurities in raw syngas were not known well, although the amount of
inorganic impurities was calculated. The real amount of inorganic impurities needs to be
analyzed. In addition to oxygen, contaminants may contain tar, H2S, COS, and NOx. Tar
cracking, removal of sulfur, and NOx decomposition may be the solution for deep
cleaning in future. Cost analysis will also be needed for evaluation economic feasibility
of our gasification and syngas cleaning technology.
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APPENDIX A
PELLETS IMAGE
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Figure A.1

Bio-coal pellets made at pressures of 100 psig, temperature of 80°C.
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APPENDIX B
CALCULATION RESULT OF 3.3.6
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Table B.1
Wood

Heating value of syngas and wood chips
Syngas

Wood chips

Conversion

Moisture (wt %) HV(MJ/m3)

HV(MJ/hr) HV(MJ/kg) HV(MJ/hr) %

10%

383.5

5.9

19.54

81

527.58

72.7

APPENDIX C
SUPPLEMENT DATA FOR DELECTED FIGURE
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Table C.1 and C.2 data for Figure 4.5 and Figure 4.6
Table C.1

Catalysts performance at 0 psig
0 psig

Temperature(°C)

100

150

200

250

55.4

21

0.1

0.2

99.77

100.00

100.00

F deoxygenation
efficiency(ppm)

Conversion 99.38
CO (%)

22.6

22.6

22.8

22.8

H2 (%)

17.7

17.6

17.4

17.4

CH4 (%)

1.8

1.8

1.8

1.8

345.6

56.9

0.1

0.2

99.37

100.00

100.00

P deoxygenation
efficiency(ppm)

Conversion 96.16
CO (%)

22.7

22.8

22.8

22.8

H2 (%)

17.7

17.6

17.4

17.4

CH4 (%)

1.8

1.8

1.8

1.8
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Table C.2

Catalysts performance at 50 psig

50 psig
Temperature(°C)

100

150

200

250

1.7

0

0

0.1

Conversion

99.98

100.00

100.00

100.00

CO (%)

22.7

22.8

22.7

22.7

H2 (%)

17.2

17.3

17.4

17.4

CH4 (%)

1.8

1.8

1.8

1.8

8

0.1

0

0.1

Conversion

99.91

100.00

100.00

100.00

CO (%)

22.7

22.8

22.8

22.6

H2 (%)

17.6

17.5

17.4

17.6

CH4 (%)

1.8

1.8

1.8

1.8

F deoxygenation
efficiency(ppm)

P deoxygenation
efficiency(ppm)
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